Based on the universality of the entropy-area relation of a black hole, and the fact that the generalized uncertainty principle (GUP) adds a logarithmic correction term to the entropy in accordance with most approaches to quantum gravity, we argue that the GUP-corrected entropyarea relation is universal for all black objects. This correction to the entropy produces corrections to the thermodynamics. We explicitly calculate these corrections for two types of black holes:
I. INTRODUCTION
The existence of a minimum measurable length scale of the order of the Planck scale is a universal prediction in almost all approaches to quantum gravity [1] [2] [3] [4] [5] [6] [7] . For example, in string theory, strings are the smallest probe that can be used for analyzing regions of spacetime, and so it is not possible to probe spacetime below the string length scale [1, 8] .
Hence, string theory comes naturally equipped with a minimum length scale. Also in loop quantum gravity there exists a minimum length scale, which turns the big bang into a big bounce [9, 10] . In fact, there are strong indications from black hole physics that any theory of quantum gravity should be equipped with a minimum length scale of the order of the Planck length [3, 11] . This is because the energy required to probe any region of spacetime at a smaller scale is more than the energy required to form a black hole in that region.
The existence of a minimum length scale is not consistent with the usual uncertainty principle of quantum mechanics, because according to the usual uncertainty principle, length can be measured to an arbitrary precision if momentum is not measured. It is possible to modify the usual uncertainty principle to a generalized uncertainty principle (GUP), such that this new GUP is consistent with the existence of a minimum length scale [2] [3] [4] [5] [6] . Since the uncertainty principle is closely related to the Heisenberg algebra, the GUP deforms the Heisenberg algebra [12] [13] [14] [15] [16] , which in turn changes the coordinate representation of the momentum operator [17] [18] [19] [20] . The most studied form of the GUP includes a quadratic term in momentum, and takes the form
where β = β 0 l 2 p / 2 , β 0 is a dimensionless constant, and l p is the Planck length.
This generalized uncertainty principle also modifies the thermodynamics of black holes.
This modification was calculated for the Schwarzschild black hole in [21] [22] [23] [24] [25] . This is done by first writing the bound on the maximum momentum in terms of energy. This energy is viewed as the energy of an emitted photon, and so, it is related to the black hole temperature.
Finally, the uncertainty in the position is taken to be proportional to the Schwarzschild radius. This way we get a modified temperature of the Schwarzschild black hole from GUP, which can in turn be used for calculating the modification to other thermodynamic quantities. In this paper, we argue that the resulted modified entropy-area relation for the Schwarzschild black hole holds for all black objects. We apply this relation to the charged Reissner-Nordström BH and the rotating Kerr BH. We calculate their temperature and heat capacity and find they also end up in a remnant.
II. SCHWARZSCHILD BLACK HOLE
In this section, we review the derivation of the thermodynamic quantities of the Schwarzschild BH. We start by solving the GUP in Eq. (1) for ∆p
where from now on we use units in which = G = c = 1. This expression can be translated to a lower bound on the energy, which can be viewed as the characteristic temperature of a photon emitted from the black hole [21, 23 ]
The uncertainty in position can be argued to be proportional to the horizon radius ∆x = αr h [21, 22, 26] , where the constant α = 2π to produce the standard Hawking temperature T H = 1/4πr h when β → 0. Thus, we get the modified temperature
The temperature becomes complex and unphysical when r h < √ β/2π, which corresponds to the minimum mass
where M p is the Planck mass, and r h = 2M. This means the black hole ends in a remnant.
The entropy can be calculated from the first law of black hole thermodynamics, which for Schwarzschild black holes takes the form
leading to the modified entropy
leading to
The heat capacity goes to zero at r h = √ β/2π, which means that the black hole stops exchanging heat with the surrounding space, confirming the existence of a remnant.
III. THE ENTROPY-AREA RELATION
We can re-express the entropy relation in Eq. (7) in terms of the area of the Schwarzschild black hole A = 4πr 2 h to get the entropy-area relation
In the limit in which there is no minimum length, the parameter β → 0, this expression reduces to the usual expression for entropy, i.e. S = A/4. Furthermore, the series expansion of this expression to first order is
We argue that the expression for entropy in Eq. (10) is general for all black objects.
In the absence of minimum length, the first term in Eq. (10), S = A/4, has been verified for all black objects [27] , and any theory of quantum gravity is required to reproduce this term in the Black hole entropy. Furthermore, the logarithmic correction term also seems to occur in most approaches to quantum gravity [28] [29] [30] [31] [32] [33] [34] , although they differ in the constant factor before the logarithmic term [35] . In these theories the logarithmic term seems to be independent of any particular type of black holes. It is an interesting feature that corrections to the entropy generated from the GUP also include terms proportional to the logarithm of the area.
Motivated by the fact that the first term in the expression for the entropy universally has form S = A/4, and the leading order corrections to the entropy are logarithmic corrections, we will assume that the generalized uncertainty principle also universally corrects the entropy by a term proportional to the logarithm of the area. Thus, we will assume the corrections to the entropy of all black objects have the form given by Eq. (10). The difference for different black objects comes from the exact relation of the area to different quantities, namely mass, charge, and angular momentum. Thus, this correction of entropy in terms of area can be used to calculate the thermodynamic properties of any black hole.
Furthermore, a difference can occur in the coefficient of this logarithmic term. However, we have β = β 0 l 2 p / 2 , and there in an arbitrariness in the definition of β 0 . In fact, there is a large range of allowed values for β 0 [20] . So, for each specific case, the difference in the coefficient can be absorbed in the definition of β 0 . The exact value of this coefficient will not change the existence of a remnant, but only shift the scale at which this remnant is formed. However, the interesting conclusion of this analysis is the existence of a remnant, so, a different value of coefficient for different black holes, will not change the main conclusion of this paper.
This idea will also hold for exotic black objects like black rings and black Saturn. So, in this paper, we give a proposal for calculating the effect of the generalized uncertainty principle on the thermodynamics of all black objects. We explicitly demonstrate this for two kinds of black holes: Reissner-Nordström BH and Kerr BH.
IV. REISSNER-NORDSTRÖM BLACK HOLE
The Reissner-Nordström black hole is a spherically symmetric static BH with charge Q.
The metric takes the form [27] 
where
The horizon area is given by A = 4πr 2 h , where the horizon radius r h is the largest solution to f (r) = 0. The mass can be expressed in terms of r h and Q via
The modified temperature of the BH due to the GUP can be calculated from
This relation does not have a physical meaning below r h = √ β/2π, signaling the existence of a remnant. This can be further confirmed from the heat capacity.
The heat capacity is calculated via the relation
which goes to zero at r h = √ β/2π confirming the existence of a remnant, because when the heat capacity is zero, the black hole cannot exchange radiation with the surrounding space. Figures 1 and 2 are plots of the temperature and heat capacity of the Reissner-Nordström black hole, and we clearly see the heat capacity goes to zero. In these plots, we assumed β = 1, and that the charge is Q = M/2. 
The horizon area of the Kerr black hole is given by
where r h is the horizon radius, and is the largest solution to ∆ = 0. The mass and angular momentum can be expressed in terms of r h and a via
The modified temperature of the BH due to the GUP can be calculated from the entropyarea relation in Eq. (10) via 1
where the partial derivative is calculated at constant angular momentum J. This partial derivative can be calculated using the identity
is the Jacobian matrix, and is defined by
This leads to the modified temperature This relation is plotted in figure 3 , and it has no physical meaning below r h = β − 4π 2 a 2 /2π, signaling the existence of a remnant. This is further confirmed by calculating the heat capacity via the relation
where the derivative is taken at constant J because this is what determines the thermodynamic stability of black holes [27, 36] .
where, to simplify the expression, we defined
The formula for the heat capacity is complicated but what matters is its qualitative behavior, and from figure 4 we see it goes to zero which confirms the existence of a remnant. In these plots, we assumed β = 1 and a = M/2.
It is known that the relation between the entropy of a black object and the horizon area is always S = A/4, and the leading order correction to this entropy is logarithmic. It is also known that the generalized uncertainty principle also produces a term proportional to the logarithm of the area. Based on the universality of the relation between the entropy and the horizon area, we proposed that the expression for the correction to the entropy from the GUP is also universal for all black objects. This expression also modifies the thermodynamic quantities of all black objects. We explicitly calculated these corrections for two kinds of black holes: the Reissner-Nordström and Kerr black holes. It was found that both black holes have a remnant. Thus, it seems that the GUP predicts a remnant for all black objects. The existence of a remnant can have important phenomenological consequences for the detection of black holes at the LHC [37] [38] [39] .
The existence of black hole remnants has also been predicted in the context of noncommutative geometry in [40, 41] , where it is shown that the temperature reaches a maximum value before going to zero at the remnant. Remnants has also been found from gravity's rainbow for all black objects [42, 43] . Gravity's rainbow is a generalization of doubly special relativity to curved spacetime, and doubly special relativity is based on modifications to the dispersion relation. Since the GUP also deforms the usual dispersion relation, it seems that the existence of a remnant might be related to the modified dispersion relation. It would be interesting to use the method presented in this paper to investigate the modification of the thermodynamics for other black holes. It would also be interesting to analyze if a remnant also exists for some black objects like black rings.
